MIMO systems are currently stimulating considerable interest across the wireless industry as they appear to be a key technology for future wireless generations.
INTRODUCTION
The development of wireless communication systems for high-bit-rate data transmission and high-quality information exchange between terminals is becoming one of the new challenging targets in telecommunications research. The market demand for broadband multimedia services, ubiquitous networking, and Internet access via portable devices is expected to grow enormously, pushing the development of modem and system architectures for high-bit-rate transmission. Multiple input multiple output (MIMO) systems are currently stimulating considerable interest across the wireless industry because they appear to be a key technology for future wireless generations.
An (N,M)-MIMO wireless system can be generally defined as a MIMO system in which N signals are transmitted by N antennas at the same time using the same bandwidth and, thanks to effective processing at the receiver side based on the M received signals by M different antennas, is able to distinguish the different transmitted signals. The processing at the receiver is essentially efficient co-channel interference cancellation on the basis of the collected multiple information.
This permits improving system capacity whether the interest is to increase the single link data rate or increase the number of users in the whole system. The Wind-Flex MIMO and the Ubiquitous Antenna System are examples of these different ways to exploit MIMO properties.
For the Wind-Flex MIMO system [1] , the target is to increase the capacity of a single link. The single user transmitter (Tx) and receiver (Rx) are equipped with N and M antennas, respectively. The basic idea is to usefully exploit the multipath rather than mitigate it, considering the multipath itself as a source of diversity that allows the parallel transmission of N independent substreams from the same user. This is quite different from a time-division multiplexing (TDM), frequency-eivision multiplexing (FDM), or code-division multiplexing (CDM) technique: there is no explicit orthogonalization of the N substreams. Instead, it is the rich multipath environment that makes the N substreams independent of each other. Since the user data is sent in parallel over N antennas, the effective bit rate is increased by a factor N.
To separate the N simultaneously transmitted signals at the receiver, the space time coding and space-division multiplexing techniques are used. Space time coding introduces a spatiotemporal correlation among transmitted signals to improve the information protection, while the goal of space-division multiplexing is to increase the data rate. Several different space time coding techniques have been considered: space time trellis codes [2] , space time block codes [3] , and D-BLAST [4] . All of them appear to be too complex for Wind-Flex-specific application, so space-division multiplexing [5] has been chosen. Among space-division multiplexing techniques, V-BLAST [6, 7] seems to exhibit the best tradeoff between performance and complexity. The V-BLAST algorithm [6, 7] implements a nonlinear detection technique based on a spatial nulling process combined with symbol cancellation to improve performance. The spatial nulling process, based on the zero forcing (ZF) approach (a minimum mean square error approach is also possible), is used to separate the individual substreams. Conceptually, each substream in turn is considered to be the desired signal, and the remainders are considered as interferers to be cancelled (nulling). To improve performance, symbol cancellation is used in conjunction with spatial nulling. Symbol cancellation means that after the strongest substream has been detected, the contribution of this substream is subtracted from the received signals. Thus, the remaining weaker substreams are easier to recover since the strongest substream has been removed as a source of interference. This process is reiterated until all the substreams have been detected.
Different from Wind-Flex, the target of the Ubiquitous Antenna System [8, 9] is to increase system capacity as indicated by the total number of users in the system. The Ubiquitous Antenna System is composed of multiple microcellular radio base stations (RBSs) deployed over the service area and radio-on-fiber (RoF) link [10] which connects RBSs to the central control station (CCS). In this system, the transmitted signals from mobile terminals (MTs) are propagated through multipath channels and received at the plural of the RBSs. The received radio frequency (RF) signal at each RBS is modulated into the intensity of the optical carrier and the modulated optical signal is sent to the CCS via RoF link. At the CCS, all the optical signals from the RBSs are converted to RF signals again. Then the CCS performs all the demodulation sequences and signal processing. Since all the received signals at the RBSs are collected to the CCS, we can employ more sophisticated signal processing such as co-channel interference cancellation [11] and joint detection at the CCS. Hence, the Uubiquitous Antenna System can achieve space-division multiple access (SDMA), which allows multiple MTs to operate in the same time slot and frequency channel, and then improve the total number of users and frequency utilization efficiency of broadband wireless access systems.
Both systems adopt the orthogonal FDM (OFDM) modulation scheme even if they have different features concerning the number of subcarriers, subcarrier modulation, and so on. The choice of the OFDM is basically due to its interesting properties as a wideband modulation scheme and is generally accepted in the context of wireless indoor communications (e.g., IEEE 802.11a).
The article is organized as follows. In the next section the Wind-Flex system model and simulation results are presented. The third section is dedicated to the Ubiquitous Antenna System description and performance results. Concluding remarks are given in the final section.
WIND-FLEX SYSTEM WIND-FLEX OVERVIEW
The aim of the Wind-Flex project [12] is to design and develop a wireless high-bit-rate flexible and configurable modem architecture, which works in single-hop ad hoc networks and provides wireless access to the Internet for slowly moving users (about 1 m/s) in an indoor environment. A basic requirement for the Wind-Flex modem is the capability to manage variable bit rates, ranging adaptively from 64 kb/s to more than 100 Mb/s of payload, to bring new services and trigger new interesting and appealing applications with different quality of service (QoS) requirements. The 17 GHz unlicensed frequency band has been chosen since the frequency bands around 2.4 and 5 GHz have already been allocated and are close to saturation. The available band of 200 MHz (17.1-17.3 GHz) is divided into four 50 MHz wide channels not simultaneously selectable. Due to the adopted carrier frequency, the coverage ranges from 5 m for non-line of sight (NLoS), to 20 m for line of sight (LoS) using omnidirectional antennas. Subcarrier modulation schemes are binary phase shift keying (BPSK), quaternary PSK (QPSK), 16-quadrature amplitude modulation (QAM), and 64-QAM. The constellation of each subcarrier is adaptively chosen among the various schemes according to the subcarrier signal-tonoise ratio (SNR), the target bit error rate (BER), and medium access control (MAC) requests. With respect to the channel coding, the coding scheme of the Wind-Flex modem is a parallel convolutional turbo code. The code rates established are 1/2, 2/3, and 3/4. At the MAC layer of the Wind-Flex system, the bit transmission is organized in a way time-division multiple access/time-division duplex (TDMA/ TDD). The upper interface of DLC layer will serve Internet Protocol version 4 (IPv4) and version 6 (IPv6). This selection gives the widest possible range of potential applications to the Wind-Flex modem.
SYSTEM MODEL
MIMO techniques are based on the assumption of a flat fading channel. This requirement is obviously not verified in a 50 MHz wide wireless indoor channel, such as the Wind-Flex one. However, the use of OFDM modulation makes the flat fading hypothesis true for each OFDM subband, allowing exploitation of the MIMO approach for broadband wireless applications as well.
The transmitter is equipped with N antennas (Fig. 1) . A traditional channel encoder encodes the source information bits. The coded bits are then mapped on the symbols of the constellation adopted for each OFDM subcarrier. The vectorial nature of the transmission is introduced by demultiplexing (1 → N) these symbols. In the considered architecture this demultiplexer represents the space encoder. It maps symbols on the N space channels, which are substreams of the same user. A serial to parallel converter for each space channel takes L of these symbols to form the input for the OFDM modulator. L is the number of frequency channels, that is, the number of OFDM subcarriers (in WIND-FLEX L = 128). To avoid any intersymbol interference (ISI) due to the delay spread of the channel, a cyclic prefix is appended to each OFDM symbol. The corresponding antenna transmits the output from each modulator.
This structure permits the simultaneous transmission of N · L M-QAM symbols in the same bandwidth and with the same total transmitted power required by an OFDM symbol to carry only L of them.
The receiver is equipped with M antennas (note that V-BLAST requires M ≥ N). Each
The use of OFDM modulation makes the flat fading hypothesis true for each OFDM sub-band, allowing the exploitation of the MIMO approach also for broadband wireless applications.
antenna receives a different noisy superposition of the faded versions of the N transmitted signals (Fig. 2a) . If the antennas are sufficiently spatially separated (more than λ/2) and there is sufficiently rich scattering, the transmitted signals arriving at different receive antennas undergo independent fading. Moreover, if the channel response is known at the receiver, V-BLAST algorithm is able to detect the N transmitted signals. Channel response can be estimated at the receiver using a training sequence embedded in each TDMA frame. In so doing, we assume that the channel remains fixed during a frame, but it randomly changes from frame to frame. This is a totally reasonable assumption in wireless applications where there is limited mobility, such as Wind-Flex.
At each OFDM symbol time, the output of the OFDM demodulator corresponding to the receive antenna m is a set of L signals, r m,l , one for each frequency channel where H m,n,l is the complex coefficient representing the frequency response of the channel from the transmit antenna n to the receive antenna m at multicarrier frequency l, and η m,l are independent samples of a complex Gaussian random variable with zero mean and variance N 0 , representing noise (note that N 0 is the variance of the noise at the receiver input [6] ).
The M outputs related to the multicarrier frequency l are the inputs to a V-BLAST signal processor that detects the N different M-QAM symbols transmitted in this frequency channel. There are L V-BLAST signal processors, each operating in a specific frequency channel (Fig.   2b ). The N · L M-QAM symbols, obtained at the output of the L V-BLAST signal processors, are then serialized by a parallel to serial converter in order to complete the traditional receiver processing.
Concerning the channel model, the single input single output (SISO) model adopted to calculate the H m,n,l coefficients is the one presented in [13] . The NLoS channel is modeled with 18 taps. The taps' amplitudes have been shaped following different probability density functions (pdfs): a combination of exponential and Weibull pdfs for the first bin and exponential pdfs for the others. In the considered context, however, the SISO model is not sufficient to completely characterize the channel, since the MIMO approach also entails consideration of the spatial correlation characteristics of the transmission system. Several studies have recently demonstrated that if channel path gains of a (N,M) MIMO system are independent, the channel capacity scales linearly with n, where n = min(N,M) [14] . The problem is that in real propagation conditions, these channel coefficients could be partially correlated. Generally, the correlation of the coefficients depends on many factors such as the physical parameters of transmit and receive antennas (e.g., antenna spacing), and the characteristics and distribution of the scatterers. It has been observed that when paths are correlated, the channel capacity can be significantly smaller than when they are not. This suggests that further research is required into the spatial correlation problem [15] .
In this work, the correlation has been taken into account by means of a synthetic parameter (i.e., the mean correlation coefficient of the MIMO channel). Some correlation matrices K (the generic element k i,j of the correlation matrix 
We assume that the channel remains fixed during a frame, but it randomly changes from frame to frame. This is a totally reasonable assumption in wireless applications where there is limited mobility, such as the Wind-Flex one.
is the correlation coefficient between the ith and jth path gains) have been defined with an increasing value of the mean correlation coefficient ranging from 0 (totally uncorrelated path gains) to 0.8 (almost completely correlated path gains) with step granularity of 0.2.
SIMULATION RESULTS
In order to verify the performance of the considered architecture in ideal and nonideal propagation conditions (i.e., the presence of spatial correlation between path gains), a simulator, based on Wind-Flex specifications, has been implemented. In our simulations, we have assumed that the received signals are corrupted by additive white Gaussian noise. We have also assumed ideal symbol and sample-clock synchronization at the receiver. We have considered noncoded system performance. The BER, as a function of the SNR at each receive antenna, has been evaluated.
The first set of performance curves refers to ideal propagation conditions (i.e., the path gains can be considered independent). The impact on the performance of N and M has been analyzed.
First, a system having the same number of transmit and receive antennas has been simulated. In Fig. 3 (left) the performance of this system, with 16-QAM on each subcarrier, for different N is reported.
I Figure 2. Receiver architecture: a) OFDM demodulation and space channel l detection; b) V-BLAST sig-
nal processors detection and traditional receiver processing.
In our simulations, we have assumed that the received signals are corrupted by additive white Gaussian noise. We have also assumed ideal symbol and sample-clock synchronization at the receiver. We have considered the non-coded system performance.
This figure proves that the V-BLAST technique permits increasing the bit rate without significantly worsening the BER. Remember, in fact, that in ideal propagation conditions the bit rate of the SDM systems scales linearly with the number of transmit antennas. It is important to note that the total transmitted power and used bandwidth are constant.
The performance curves of a MIMO system with different numbers of receive antennas, M, using 16-QAM on each subcarrier, have also been evaluated (Fig. 3, right) . As expected, increasing M improves performance. This is due to the availability of a greater number of received signals, which can be combined in a more efficient way to obtain a more accurate estimate of the transmitted signals. Moreover, some other simulations indicate that the performance improvement is a function of the difference M -N, resulting in being substantially independent from N or M separately.
Concerning the nonideal propagation condition, the analysis has been limited to the (2,2) and (3,3) MIMO systems. Figure 4 shows the simulation results for a (3,3) system with different values of the mean correlation coefficient among paths. The mean correlation coefficient ranges from 0 to 0.8 with steps of 0.2.
The analysis of these curves shows an interesting nonlinear relation between performance degradation and the mean correlation coefficient. Moreover, the negative effect of the spatial correlation becomes more and more evident as SNR increases. Under a threshold SNR, BER performance is limited mainly by the presence of noise. The curves show that the SNR I 
I Figure 4 . Performance of the (3,3) MIMO system for different mean correlation coefficients and modulations. loss of the (3,3) system due to spatial correlation does not exceed 5 dB up to a mean correlation coefficient equal to 0.6 in the considered SNR range. It must be pointed out that 0.6 is a high value of correlation. Beyond this value the use of a MIMO system would be inefficient for the specific propagation environment. The results for the (2,2) system exhibit similar properties.
UBIQUITOUS ANTENNA SYSTEM UBIQUITOUS ANTENNA SYSTEM OVERVIEW
A general description of the Ubiquitous Antenna System is shown in Fig. 5a . The system is composed of multiple microcellular RBSs deployed over the service area, a CCS, and the RoF link. Each RBS has only electrical-to-optical (E/O) and optical-to-electrical (O/E) converters, and requires no RF modulation or demodulation functions. The radio signals received at the RBSs are applied to the E/O converter to modulate the intensity of the optical carrier, and they are sent to the CCS via the RoF link, maintaining the radio signal waveform. The CCS converts the optical signals from RBSs to electrical signals again by corresponding O/E converters, and then performs all the signal processing and demodulation sequences. Since all the signals received at the RBSs are obtained at the CCS, co-channel interference cancellation and joint detection can be performed at the CCS similar to the adaptive array antenna systems [11] . The ubiquitous antenna system enables the multiple MTs to operate at the same frequency channel simultaneously by making effective use of joint detection. Thus, it does not require frequency allocation for each RBS. That is, all the RBSs can use a whole band assigned to the system. Hence, the ubiquitous antenna system achieves higher frequency utilization efficiency whatever the assigned bandwidth is strictly limited. Furthermore, since the CCS has expensive components such as RF components, modulator, demodulator, and signal processing components such as a joint detector, and RBSs requires O/E and E/O converters, the ubiquitous antenna system allows us to reduce the total cost to deploy and maintain the system.
A ubiquitous antenna system is also known as a distributed antenna system, which has been studied in recent years [16, 17] . In a distributed antenna system, antenna elements are distributed over the service area as a microcellular RBS and their outputs are brought, in analog form, to a central server. Similar to the adaptive array, interference cancellation is performed at the central server. Since the distance between antenna elements is much longer than in a conventional centralized adaptive array antenna system (Fig. 5b) , we can further obtain macrodiversity. In [10] , Clark et al. evaluated and compared centralized and distributed antenna systems. From their remarks, the distributed antenna system allows us to obtain improvement in system capacity.
SYSTEM MODEL
In order to evaluate the performance of the ubiquitous antenna system, a system model is considered in this article. The system model is illustrated in Fig. 6 . In the following, we concentrate on the uplink connection. Let us assume that N MTs in the service area transmit COFDM signals simultaneously at the same frequency channel. At the nth MT, the binary streams are error correction encoded and interleaved over each COFDM subcarrier. The encoded binary streams are mapped onto the QAM symbols at the modulator. In order to estimate the channel impulse response (CIR) between each MT and each RBS, pilot symbols are attached before data symbols. The symbols are then inverse discrete Fourier transformed (IDFT). The guard interval, also known as the cyclic extension, is inserted in order to remove ISI due to delay spread. After that, the signal is transmitted to the RBSs through the radio propagation channel.
In a radio propagation path, the transmitted signal from each MT is affected by fading, cochannel interference, path loss, and propagation delay. The signals are received at the M RBSs deployed over the service area. The received signal at each RBS is corrupted by additive white I Figure 5 . General description of (a) the ubiquitous antenna system and (b) the centralized antenna system. 
where k denotes the subcarrier index. The received vector is then given by
T is the N-dimensional AWGN vector, where the elements z m k are independent and identically distributed Gaussian random variables with zero mean and variance σ n 2 . x T denotes the transpose of x. The frequency response matrix H k = [h mn k ] is an M × N matrix whose element h mn k denotes the response between the nth MT and the mth RBS. In this article, we assume that the frequency responses for different MTs and RBSs are statistically independent, stationary, and complex Gaussian random variables.
Joint Detection -As a joint detector, we employ the minimum mean square error diversity combiner (MMSE-DC). The MMSE-DC performs the joint detection by using M signals form RBSs. Before the MMSE-DC, the received signal from each RBS is divided into each subcarrier by the corresponding FFT processor. Then the MMSE-DC is performed subcarrier by subcarrier. The received signal from each RBS is weighted by the optimum weight matrix given by
where R yy k is M × M correlation matrix of received signals. The weighted signals are then combined. The output of the MMSE-DC is given by
where x is the estimated transmitted signals vector.
Channel Estimation -Not only can the MMSE-DC-based joint detection described previously mitigate the performance degradation due to fading, it can also remove the co-channel interference transmitted from other MTs. However, in order to establish joint detection, estimation of CIR is required at the receiver. In the proposed system, each MT inserts the pilot symbol satisfying the optimum MSE condition discussed in [18] . The receiver estimates the CIR by calculating the correlation between the received signal at each RBS and reference pilot signal and the estimated CIR. Then the receiver estimates
T by transforming CIR into the frequency domain using FFT, where H n k is an M-dimensional channel response vector.
I Figure 6 . The system model. 
distance as the path metrics. That is, the decoder is optimum in terms of minimizing the BER when all the noises are independent and identically distributed (i.i.d.) Gaussian random variables. In order to perform the Viterbi decoder in the optimum condition, the output signal of the MMSE-DC is normalized by the MSE or the noise variance of the corresponding signal. The MSE for the nth MT is given by
where σ d is the desired signal power. This normalization is performed subcarrier by subcarrier as well as for the MMSE-DC. The noise at the output of the MSE normalization is i.i.d., and the Viterbi decoder performs as the optimum decoder.
Then the normalized signals are demodulated and deinterleaved. The deinterleaved signal is then applied to the soft-decision Viterbi decoder. Finally, we can obtain the desired user's binary streams.
SIMULATION RESULTS
In this section we analyze the performance of the proposed ubiquitous-antenna-based wireless LAN system by computer simulations. In the following, we evaluate the BER and frequency utilization efficiency of uplink connection in comparison with other systems.
The COFDM parameters are based on the IEEE 802.11a standard. The entire channel bandwidth is divided into 64 subchannels. The 48 subchannels are used to transmit data. Differential quadrature phase shift keying (DQPSK) is employed as a subchannel symbol modulation format. The symbol duration is 4.2 µs including 1.0 µs of guard interval, which is just a little bit longer than that of the WLAN standards in order to mitigate performance degradation due to the delay difference among RoF links. For forward error correction (FEC), half-rate convolutional error correction coding with constraint length of 7 (64-state) is employed. In the system, each MT can transmit a signal with a data rate of 11.5 Mb/s over a 15 MHz channel, and its transmission efficiency is approximately 0.77 b/s/Hz.
As a propagation channel, two-sample spaced two-ray Rayleigh fading channel with Doppler shift, f d = 40 Hz, is assumed. The interval between two rays is 150 ns. The path loss exponent is 4.0. We also assume the symbol timing of the COFDM signals is synchronized at every MT. We ignore the frequency offset between the MTs and CCS local oscillators, and nonliner distortion due to the RoF link.
First, we analyze the BER performance of the ubiquitous antenna system in order to demonstrate the basic characteristics of the proposed system and the effect of the MSE normalization scheme. In this simulation, we assume that two RBSs are deployed in the horizontal axis, and each RBS is connected to the CCS by the RoF link. The distance between RBSs is 100 m, and it causes 500 ns of delay difference due to the RoF link. Two MTs are located at the center of two RBSs. The BER performance of the proposed system against E b /N 0 is shown in Fig. 7 . The BER performance without joint detection is intolerable for transmitting data. However, the ubiquitous antenna system with joint detection can drastically improve the BER performance. Furthermore, in contrast to the performance without joint detection, the proposed system without MSE normalization drastically improves BER performance. Furthermore, MSE normalization gives a gain of 10 dB at BER = 10 -3 by making effective use of the implicit subcarrier diversity effect.
Next, we analyze the frequency utilization efficiency of the ubiquitous antenna system. The allocation of the RBSs is shown in Fig. 5a . In this simulation, we assume 16 cells, and the ubiquitous antenna system is composed of four RBSs corresponding to the four cells in the center of the area. Each RBS is located at the center of the cell and connected to the CCS with the RoF link. Each cell size is 100 m. All the MTs transmit COFDM signal simultaneously at the same frequency channel. The ubiquitous antenna system only demodulates the signals from MTs in the central four cells, and signals from the other MTs around the four cells are considered co-channel interference. The ubiquitous antenna system performs the MMSE-DCbased joint detection by using the signals received at four RBSs.
For comparison purposes, we evaluate the performance of the ubiquitous antenna system without joint detection. In this case, all the RBSs have their own demodulators and each RBS demodulates the received signals independent of the other RBSs. All the MTs are still I Figure 7 . BER performance of the ubiquitous antenna system. operating at the same frequency. Furthermore, we evaluate the macrocell system, or one RBS located at the center of the service area as shown in Fig. 5b . In the following, we call it the central antenna system. We assume the central antenna system with and without joint detection. With joint detection, the RBS has a four-element array antenna, and MMSE-DC-based joint detection is performed using the array antenna. In the central antenna system without joint detection, however, the RBS has only one antenna element, and no joint detection is performed. As in the ubiquitous antenna system, all the MTs operate at the same frequency simultaneously. Moreover, we also evaluate the conventional digital communication system in which all the MTs access the RBS, located at the center of the four cells and equipped with only one antenna element, in TDMA mode. In all cases, all the MTs are uniformly distributed over the service area. In this simulation, we assume the transmission is successful when there is no bit error in a packet composed of a pilot symbol and 10 information symbols. Figure 8 shows the frequency utilization efficiency against nominal E b /N 0 . The transmission power of an MT is determined so that E b /N 0 per branch equals nominal E b /N 0 at one RBS antenna that is 70 m apart from the corresponding MT. In this simulation, we assume four MTs are in the four cells. Furthermore, eight MTs are on the outside of these four cells as co-channel intercell interferers. In the conventional system, the efficiency is about 0.2 b/s/Hz since it allows only one MT to operate at the same frequency channel at one time. In the centralized system, it improves the efficiency to 0.5 b/s/Hz by using joint detection. On the other hand, in the ubiquitous antenna system, the efficiency is improved to 0.65 b/s/Hz by making effective use of joint detection. Furthermore, even the ubiquitous antenna system with selection diversity can achieve higher efficiency than a centralized one with joint detection in the lower E b /N 0 region.
CONCLUSIONS
This article focuses on two MIMO OFDM-based systems, Wind-Flex and the ubiquitous antenna system. Their capability to increase overall system capacity has been investigated and the simulation results on their performance are reported.
The Wind-Flex system, based on the V-BLAST MIMO and OFDM modulation scheme, proves capable of greatly improving bit rate without increasing total transmitted power or required bandwidth. The simulation results confirm this feature for both ideal and nonideal propagation conditions. The ubiquitous antenna system, which is composed of multiple RBSs deployed over the service area, the CCS, and an RoF link, allows all the MTs to operate at the same frequency simultaneously. The computer simulation results show the ubiquitous antenna system is capable of improving overall system capacity. This property is very important in designing wireless networks, especially when the radio resource is strictly limited. The Wind-Flex system, based on the V-BLAST MIMO and OFDM modulation scheme, shows the capability to greatly improve the bit-rate without increasing the total transmitted power or the required bandwidth. The simulation results confirm this feature for both ideal and non-ideal propagation conditions.
